Fuel cell research - An investigation of non- steady-state operation  Final report, 1 Jun. 1963 - 1 Jun. 1965 by Schneider, A. A. et al.
L 
NASA CR-54768 
F U E L  C E L L  R E S E A R C H  
AN INVESTIGATION OF NON-STEADY-STATE OPERATION 
bY 
T. J. Gray, A. A. Schneider, R. B. Rozel le  and M. L. Soeder 
prepared for 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
n 
0 N66-14 (THRUI 
1 (ACCESSION NUMBER) 26 t e 
> (PAGES) 2 c i i (CATEGORY1 ,NASA CR OR TMX OR AD NUMBER) 
GPO PEiCE $ 
ff 653 Julv 65  
Alfred University 
Alfred, New York 
https://ntrs.nasa.gov/search.jsp?R=19660005497 2020-03-16T21:52:15+00:00Z
NOTICE 
This  report was prepared  as an account of Government sponsored work. 
Neither  t he  United S t a t e s ,  nor t h e  Nat ional  Aeronautics and Space 
Administration (NASA), nor any person a c t i n g  on behalf  of NASA: 
A . )  Makes any warran ty  or  r e p r e s e n t a t i o n ,  expressed o r  
implied,  with r e s p e c t  t o  t h e  accuracy, completeness, 
o r  usefu lness  of t h e  information contained i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  of any information, apparatus ,  
method, o r  process  d isc losed  i n  t h i s  r e p o r t  may not  
i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  
Assumes any l i a b i l i t i e s  K i th  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages r e s u l t i n g  from, t h e  use of any informa- 
t i o n ,  apparatus ,  method, o r  p rocess  d i s c l o s e d  in t h i s  
r e p o r t  . 
B.) 
A s  used above, "person a c t i n g  on behalf of NASA" i n c l u d e s  any employee 
o r  cont rac tor  of  NASA, o r  employee of such c o n t r a c t o r ,  t o  t h e  ex ten t  
t h a t  such employee o r  con t r ac to r  of  NASA, o r  employee of such c o n t r a c t o r  
prepares ,  disseminates ,  o r  provides  access  t o ,  any Information pursuant  
t o  h i s  employment o r  c o n t r a c t  w i th  NASA, o r  h i s  employment wi th  such 
cont rac tor .  
1 
Requeats for copies  of t h i s  r e p o r t  should be r e f e r r e d  t o  
National Aeronautics and Space Admin i s t r a t ion  
Off ice  of S c i e n t i f i c  and Technical  Informat ion  
Attent ion t AFSS-A 
Washington, D. C .  20546 
FINAL REPORT 
FUEL CELL RESEARCH 
An I n v e s t i g a t i o n  o f  Non-Steady-State Operat ion 
' -  
by 
T. J. Gray, A. A. Schneider,  R. B. Roze l le ,  M. L. Seeder 
prepared f o r  
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Period:  June 1, 1963 - June 1, 1965 
Grant NsG-384 
Technic a 1 Mana gemen t 
NASA Lewis Research Center  
Cleveland, Ohio 
So la r  and Chemical Power Branch 
Meyer R. Unger 
I .  
ALFRED UNIVERSITY 
Alfred,  New York 
December 1965 
2 
TABLE OF CONTENTS 
PART I 
E i . 9  
INTRODUCTION . . . . . . . . . . . . . . . . . . .  k 
PULSE LOADING . . . . . . . . . . . . . . . . . . .  5 
EXPE;RDENTAL . . . . . . . . . . . . . . . .  3 
RESULTS . . . . . . . . . . . . . . . . . . .  9 
PART I1 
APPLICATION OF GALVANOSTATIC STUDIES TG FUEL CELLS . l4 
ABSTRACT . . . . . . . . . . . . . . . . . . . . . .  14 
INTRGDUC T I C N  . . . . . . . . . . . . . . . . . . . .  15 
I. INVESTIGATION OF OPERATIONAL FUEL ELECTRODES . . 15 
EXPERDENTAL . . . . . . . . . . . . . . . .  15 
RESULTS . . . . . . . . . . . . . . . . . . .  2 0 
11. GALVANOSTATIC INVESTIGATION OF PALLADIUM-GOLD 
ALLOYS.. . . . . . . . . . . . . . . . . . . .  25 
EXPERIMENTAL PROCEDURES . . . . . . . . . . .  28 
RESULTS.. . . . . . . . . . . . . . . . . .  28 
CONCLUSIONS . . . . . . . . . . . . . . . . .  30 
REFERENCES.. . . . . . . . . . . . . . . . . . . .  32 
LIST OF FIGURES 
F igure  page 
1 C i r c u i t  diagram of  pu l se  load ing  system. 6 
2 C i r c u i t  diagram of pulse  load ing  system used 
f o r  a c t u a l  measurement. 7 
3 Voltage-current curve f o r  c e l l .  10 
h C e l l  v o l t a g e  under pulsed and s t e a d y  load .  11 
5 C e l l  v o l t a g e  under pulsed and s t e a d y  load .  1 2  
6 
13 
7a Constant  c u r r e n t  generator c i r c u i t .  17 
Voltage r i p p l e  for c e l l  a t  va r ious  f r equenc ie s  
f o r  average cu r ren t  of  5 amp. 
7b S impl i f i ed  diagram of constant  c u r r e n t  
gene ra to r .  18 
8 Galvanos ta t i c  anodic charging curves f o r  
e l ec t rodes .  19 
9 Double-layer capaci tance v s  impregnation 
t i m e  . 23 
10 Double-layer capaci tance vs  p l a t i n i z a t i o n  
time. 21r 
11 Galvanos ta t i c  s t u d i e s  of s e v e r a l  
c a t a l y z a t i o n s  of C l e v i t e  n i c k e l .  26 
1 2  Hydrogen and oxygen e l ec t rode  d i scha rge  
curves.  27 
13 Anodic charging curves fo r  palladium-gold 
a l l o y s .  2 9  
lh Galvanostat ic  curves  for palladium-gold 




This  r e p o r t  i s  divided i n t o  three s e c t i o n s .  The f i r s t  i s  
concerned wi th  t h e  i n v e s t i g a t i o n  o f  t h e  effect  of pulsed loading  
on f u e l  c e l l  opera t ion .  I n  t h i s  s e c t i o n  i s  d iscussed  t h e  devel- 
opment of  a working p u l s e  loading dev ice  and t h e  p re l imina ry  
performance da ta  of a f u e l  c e l l  subjec ted  t o  p u l s e  loading .  
was a n t i c i p a t e d  and l a t e r  experimental ly  v e r i f i e d  t h a t  pulsed 
loading  would e f f e c t  improvement i n  c e l l  performance on ly  i f  t h e  
average pulsed c u r r e n t  were such t h a t  i f  t h e  c e l l  were operated 
a t  t h i s  c u r r e n t  under s t eady  load, concen t r a t ion  p o l a r i z a t i o n  
would be t h e  l i m i t i n g  f a c t o r  i n  c e l l  performance. 
c u r r e n t  i s  def ined  a s  ( c u r r e n t  dur ing  f r a c t i o n  of c y c l e  i n  which 
cell i s  loaded)  x ( f r a c t i o n  of c y c l e  i n  which c e l l  is loaded) .  
For example, i n  o rde r  t o  r e a l i z e  an  average c u r r e n t  of  5 amp a t  
12% duty  cyc le ,  t h e  cu r ren t  during t h e  f r a c t i o n  of  the  c y c l e  i n  
which t h e  c e l l  i s  loaded must be 41.5 amp s i n c e  41.5 amp x 0.12 = 
It 
Average pulssd  
' 
5 amp. 
It must be  r e a l i z e d ,  too,  t h a t  a s i g n i f i c a n t  improvement i n  
performance Kill be seen  only  i f  t h e  IR drop due t o  the i n t e r n a l  
r e s i s t a n c e  of t h e  c e l l  i s  not  t o o  great. It might be  s a i d  t h a t ,  
i n  genera l ,  improvement Will be noted o n l y  i f  t h e  knee of  t h e  
p o t e n t i a l - c u r r e n t  curve under s teady  load  occurs  above 0.6 v o l t .  
Inhe ren t  i n  the p u l s e  loading system employed i s  a heavy 
This  r e s u l t s  i n  a secondary b e n e f i c i a l  e f f e c t ;  
anodic  p u l s e  of very s h o r t  dura t ion  which occurs  a t  t h e  end of 
each du ty  cyc le .  
i n v e s t i g a t i o n  by Union Carbide Corporat ion (NASA Cont rac t  NAS3- 
6460) has  demonstrated t h a t  a s i g n i f i c a n t  improvement i n  f u e l  c e l l  
ope ra t ion  can be achieved by heavy i n t e r m i t t e n t  pu l s ing  of a f u e l  
c e l l ,  appa ren t ly  r e s u l t i n g  from c a t a l y s t  a c t i v a t i o n .  
The second p o r t i o n  of t h i s  r e p o r t  i s  a paper de l ive red  i n  
BTussels, Belgium, i n  June 1965, a t  a conference e n t i t l e d  "Journees 
I n t e r n a t i o n a l  D'Etude d e s  P i l e s  Combustible". 
compilat ion of t h e  work done i n  t h i s  l a b o r a t o r y  on t h e  a p p l i c a t i o n  
of ga lvanos ta t i c  techniques  t o  f u e l  c e l l  e l e c t r o d e  s tudy;  t h e  t i t l e  
of  t h e  paper  i s  "Application of Galvanos ta t ic  S tud ie s  t o  Fuel Ce l l  
E lec t rodes  'I. 
This  paper i s  a 
>' 
The t h i r d  s e c t i o n  i s  a Master ' s  t h e s i s  by M. L. Soeder on 
the  i n v e s t i g a t i o n  by means of  ga lvanos ta t i c  charg ing  curves of t h e  
occ lus ion  of  hydrogen and of sur face  oxide  formation i n  a series of 
palladium-gold a l l o y s .  
I 
I i  
PULSE LOADING 
EXPERIMENTAL 
I n  o rde r  t o  i n v e s t i g a t e  f u e l  c e l l  performance under pu l sed  
load ,  it was necessary  f i r s t  t o  develop a device  s u i t a b l e  f o r  
swi tch ing  t h e  l a r g e  c u r r e n t s  developed by a f u e l  c e l l .  Mechanical 
swi tches  were el iminated because of t h e i r  many l i m i t a t i o n s .  
cannot be operated a t  f requencies  much above 100 c/s  and are no t  
dependable because of con tac t  bounce and con tac t  burning a t  high 
c u r r e n t s .  The s i l i c o n  con t ro l l ed  r e c t i f i e r ,  however, showed great 
promise and many c i r c u i t s  were designed which employed S C R ' s  a s  t h e  
swi tch ing  element. 
due t o  one o r  both of t h e  fol lowing reasons .  
s u f f i c i e n t  vo l t age  a v a i l a b l e  from t h e  output  of t h e  i n v e r t e r  t o  
t u r n  o f f  t h e  SCR once it had reached t h e  conduction s t a t e  o r ,  i n  
t h e  c a s e  where a t ransformer  was added t o  g ive  s u f f i c i e n t  v o l t a g e  
t h e  t ransformer  s a t u r a t e d ,  c rea ted  a l a r g e  impedance i n  t h e  load  
c i r c u i t ,  d i s t o r t e d  t h e  wave form and made it imposs ib le  t o  o p e r a t e  
a t  h igh  f requencies .  
These 
A t  l e a s t  ten of t h e  c i r c u i t s  designed f a i l e d  
E i t h e r  t h e r e  was no t  
The l a t e s t  c i r c u i t  developed employs a t ransformer  ope ra t ing  
under non-sa tura t ing  condi t ions .  The c i r c u i t  diagram i s  given i n  
F i g u r e  1. 
The c u r r e n t  surge  through the  primary of t h e  t ransformer  c r e a t e s  a 
l a r g e  v o l t a g e  ac ross  t h e  secondary which charges c a p a c i t o r  C, through 
D,. 
charged t o  i t s  peaks vo l t age .  A t  t i m e  t 2 ,  SCRa i s  f i r e d  applying 
t h e  c a p a c i t o r  v o l t a g e  a c r o s s  SCRl .  
SCRl and when C1 has  discharged, SCRz t u r n s  o f f  au tomat ica l ly .  
SCRl i s  f i r e d  by means of a p u l s e  t ransformer  a t  t i m e  tl. 
The d iode  prevents  t h e  capac i to r  from d i scha rg ing  a f t e r  it has 
This  r e v e r s e  b i a s  t u r n s  o f f  
This  c i r c u i t ,  however, ope ra t e s  s a t i s f a c t o r i l y  over  on ly  a 
New t ransformers  a r e  now be ing  t e s t e d  
very narrow range of  f requencies  and loads  probably due t o  poor 
des ign  i n  t h e  t ransformer .  
s i n c e  t h e s e  a r e  fundamental t o  t h e  i n v e r t e r  c i r c u i t .  
I n  o rde r  t o  make a more v e r s a t i l e  u n i t  necessary  f o r  funda- 
mental  c e l l  s t u d i e s ,  a power supply was s u b s t i t u t e d  f o r  t h e  t r ans -  
former and C1 was rep laced  with a v a r i a b l e  capac i tance .  This  
a u x i l i a r y  power supply produced t h e  p a r a s i t i c  power which would 
o the rwise  be der ived  from t h e  output  of t h e  i n v e r t e r  t ransformer .  
The resu l t  of t h i s  change i s  shown i n  t h e  c i r c u i t  diagram given i n  
F i g u r e  2 .  
l oad ing  t h e  f u e l  c e l l  and charging CZ. 
when CZ reaches  peak vo l t age .  A s  before ,  SCR, i s  f i r e d  a t  t i m e  t, 
apply ing  t h e  vo l t age  a c r o s s  C Z  t o  SCRl t h u s  e f f e c t i n g  tu rnof f  of 
SCRl . SCR2 t u r n s  o f f  au tomat ica l ly  when C 2  i s  discharged.  
I n  t h i s  system, both SCR, and SCR, a r e  f i r e d  a t  tl , t hus  
SCR3 t u r n s  o f f  au tomat i ca l ly  
Fuel 
b a t t  e r y 1  
? SCR, 
3 








Figure  2 .  C i r c u i t  diagram of  p u l s e  loading  system 
used f o r  a c t u a l  measurement. 
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A 
A Parabam" p u l s e  generator  suppl ied  t h e  t u r n  on p u l s e  f o r  
t h e  SCR ' s  and a l s o  determines frequency and d u t y  cyc le .  
The hydrogen-oxygen f u e l  c e l l  s t u d i e s  employed a 30% potassium 
hydroxide e l e c t r o l y t e  he ld  i n  a 1/16-inch a sbes tos  mat r ix .  
potassium hydroxide and t h e  asbes tos  were "carbonate  f r e e " .  The 
e l e c t r o d e  material  ( C l e v i t e  n i c k e l  No. 3) ,  ob ta ined  from Clevite 
Corporat ion,  cons is ted  of a n i c k e l  w i r e  mesh covered w i t h  porous 
s i n t e r e d  n i cke l .  This  ma te r i a l  was subjec ted  t o  u l t r a s o n i c  a g i t a -  
t i o n  i n  a 2'4 platinum-270 palladium c h l o r i d e  s o l u t i o n j  a s o l u t i o n  
of t h e  same composition was then employed t o  e l e c t r o l y t i c a l l y  co- 
depos i t  t h e  platinum-palladium black  a s  t h e  c a t a l y s t .  The e l ec t rodes ,  
each of geometric a rea  3 in2 ,  were p laced  i n  a ho lde r  made of  machined 
n i c k e l  shee t .  
a c r o s s  t h e  back of each e l ec t rode  v ia  a honeycomb of  gas channels .  
The hydrogen and oxygen pressures  were both 10 p s i  and t h e  c e l l s  
were operated a t  room temperature .  
Both t h e  
The ho lde r  was designed so t h a t  t h e  gases  passed 
To measure t h e  average p o t e n t i a l  of t h e  c e l l  u n d e r  pu lsed  
load ,  a Varian 10 m i l l i v o l t  recorder  was connected a c r o s s  t h e  c e l l  
by means of a p o t e n t i a l  d iv ider .  S ince  t h e  response  t i m e  of  t h e  
r eco rde r  was much g r e a t e r  than t h e  time of one cyc le ,  an average 
p o t e n t i a l  was r e g i s t e r e d  on t h e  c h a r t  paper .  
To be c e r t a i n  that  t h i s  w a s  t h e  t r u e  average p o t e n t i a l ,  
o sc i l l o scope  photographs were taken  of  t h e  c e l l  p o t e n t i a l  when 
t h e  c e l l  had reached equi l ibr ium under pulsed  load ing  condi t ions .  
The a r e a  under t h e  po ten t i a l - t ime  curve was found us ing  a K and E 
compensating p o l a r  planimeter  and t h e  average p o t e n t i a l  was ca l cu la -  
t e d  from t h i s  area. This  procedure w a s  employed f o r  s e v e r a l  d i f -  
f e r e n t  percent  du ty  cyc le s  and f o r  s e v e r a l  d i f f e r e n t  average c e l l  
c u r r e n t s ,  and i n  each case  the  p o t e n t i a l  recorded  on t h e  c h a r t  
paper and t h e  averaged p o t e n t i a l  c a l c u l a t e d  by t h e  i n t e g r a t i o n  
method were wi th in  t h e  l i m i t s  of accuracy of  t h e  l a t t e r  method. 
Average c u r r e n t  under pulsed load was measured us ing  a D.C. 
ammeter. Again, s i n c e  t h e  response t i m e  of t h e  m e t e r  was much 
g r e a t e r  t han  t h e  t ime of one cyc le ,  t h e  ammeter r e g i s t e r e d  an 
average c u r r e n t .  
t h o s e  descr ibed above, i . e . ,  by photographing o s c i l l o s c o p e  t r a c e s  
of  t h e  p o t e n t i a l  a c r o s s  t h e  load r e s i s t o r ,  g r a p h i c a l l y  i n t e g r a t i n g  
t h e  a r e a  under t h e s e  t r a c e s ,  and c a l c u l a t i n g  t h e  average c u r r e n t  
from t h i s  a r e a  knowing t h e  va lue  of t h e  load r e s i s t o r .  
agreement was obtained which was wi th in  t h e  l i m i t s  of accuracy of 
t h e  i n t e g r a t i o n  method. 
This  average was checked by methods similar t o  
Again, 
'wodel PIA, Parabam, Inc.  , Hawthorne, C a l i f o r n i a  
8 
RESULTS 
Four c e l l s  were arranged i n  series i n  t h e  p u l s e  loading  
system a s  shown i n  Fi,Pure 2 .  
chosen f o r  study s i n c e  smal le r  c u r r e n t s  were r e q u i r e d  t o  b r i n g  
t h e  c e l l s  i n t o  t h e  r eg ion  of concent ra t ion  p o l a r i z a t i o n .  
vo l tage-cur ren t  curve f o r  one c e l l  i s  given i n  F igu re  3 .  
open c i r c u i t  p o t e n t i a l  o f  t h i s  c e l l  was 1.015’ v o l t .  
c i r c u i t  p o t e n t i a l  was c h a r a c t e r i s t i c  of a l l  t h e  c e l l s  which were 
t e s t e d .  
The poores t  o f  t h e  c e l l s  were 
A 
The 
This  open 
The c e l l  was allowed t o  come t o  equi l ibr ium p o t e n t i a l  under 
s t e a d y  load ,  and then  t h e  puls ing  c i r c u i t  was a c t i v a t e d  and t h e  
c e l l  allowed t o  e q u i l i b r a t e  a t  t h e  same average cu r ren t .  
i n  p o t e n t i a l  under pulsed loading was observed u n t i l  t h e  c u r r e n t s  
reached t h e  r eg ion  where concent ra t ion  p o l a r i z a t i o n  began t o  t a k e  
e f f e c t .  I n  t h i s  reg ion  a s i g n i f i c a n t  i n c r e a s e  i n  performance was 
noted.  
No change 
The c e l l  reached an equi l ibr ium p o t e n t i a l  of 0.340 v o l t  
under a s t eady  L.5 amp load.  
1000 c/s,  12$ du ty  c y c l e  ( an  average c u r r e n t  of 4.5’ amp) a r e  shown 
i n  F i g u r e  4. 
t h e  p o t e n t i a l  of t h e  c e l l  r o s e  t o  0.425 v o l t .  
The r e s u l t s  of  pu l s ing  a t  a 37.5; amp, 
From a p o t e n t i a l  of 0.340 v o l t  under s t e a d y  load ,  
Equi l ibr ium p o t e n t i a l  f o r  t h e  same c e l l  under a 5’ amp 
s t e a d y  load  was 0.075 vol t .  Puls ing t h e  c e l l  a t  41.5; amp, 1000 c/s,  
12$ duty  c y c l e  ( a n  average cu r ren t  of 5’ amp) r e s u l t e d  i n  a p o t e n t i a l  
o f  0.300 v o l t .  This  behavior i s  shown i n  F i g u r e  5. 
Attempts were made t o  observe any i n c r e a s e  a t  o the r  frequen- 
c ies  and d u t y  cyc le s .  
n e c e s s i t a t e d  changing t h e  value of C,, t h e  vo l t age  of t h e  power 
supply,  and t h e  r e s i s t a n c e  of t h e  load  i f  t h e  same average c u r r e n t  
was t o  be maintained.  An attempt t o  change t h e s e  t h r e e  n e a r l y  
always r e s u l t e d  i n  i n s t a b i l i t y  of t h e  system s i n c e  they  could n o t  
be changed s imultaneously.  Because of t h e  i n s t a b i l i t y ,  SCRl 
remained on or o f f  and t h e  c e l l  decayed o r  recovered r a p i d l y .  When 
s t a b i l i t y  was rega ined  a t  t h e  new d u t y  c y c l e  o r  frequency, t h e  c e l l  
o f t e n  would not  r e t u r n  t o  t h e  same p o t e n t i a l  a t  t h e  average c u r r e n t  
s e l e c t e d .  
t h a t  t h e  parameters ,  du ty  cyc le  and frequency can be  s tud ied .  
Changing d u t y  c y c l e  o r  frequency, however, 
E f f o r t s  a re  now being made t o  c o r r e c t  t h i s  s i t u a t i o n  s o  
Osc i l loscope  photographs of c e l l  p o t e n t i a l  dur ing  p u l s i n g  
were taken wh i l e  t h e  c e l l  was subjec ted  t o  a 5 amp average c u r r e n t .  
The p u l s e  which t u r n s  off SCRl can be seen  on reproduct ions  of 
each of  t h e s e  photographs (F igure  6 ) .  The width of  t h i s  p u l s e  
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200 c i s ,  i:.t "mp, 
6.03 vclt/cm, 
12% du ty  cyc le ,  
equiva len t  t o  5 amp 
s t eady  load .  
1000 c/s ,  11.6 amp, 
0.03 volt/cm, 
12% du ty  cyc le ,  
equiva len t  t o  5; amp 
s t eady  load.  
100 c/s ,  L1.6 amp, 
0.03 volt,/cm, 
12% d u t y  cyc le ,  
equiva len t  t o  5 amp 
s t eady  load.  
F igu re  6.  Voltage r i p p l e  for c e l l  at various f rezuerlcies  
f o r  average cur ren t  of 5 anp. 
PART I1 
APPLICATION OF GALVANOSTATIC STUDIES TO FUEL CELL ELETRODES 
ABSTFLAC T 
Galvanos ta t ic  curves  r e f l e c t  t h e  presence  of adsorbed o r  
chemical ly  combined spec ies  a t  an e l e c t r o d e  su r face ,  t h e  n a t u r e  
and d e t a i l e d  c h a r a c t e r i s t i c s  of t h e  e l e c t r i c a l  double l a y e r ,  and 
an exac t  thermodynamic desc r ip t ion  of  t h e  condi t ion  a t  t h e  elec-  
t r o d e  a t  a l l  times. Applicat ion of t h i s  technique  t o  f u e l  c e l l  
e l ec t rodes  has  f a c i l i t a t e d  t h e  s tudy  of c a t a l y t i c  t rea tment  and 
permi t ted  t h e  opt imizing of e l ec t rode  t rea tment  a s  w e l l  a s  pro- 
v id ing  a r a p i d  technique  f o r  q u a l i t a t i v e  screening  of e l e c t r o d e s  
before  i n t r o d u c t i o n  i n t o  a working f u e l  c e l l .  
On t h e  fundamental s ide ,  a d e t a i l e d  s tudy  o f  t h e  palladium- 
gold system has emphasized the  importance of unpaired d -e l ec t rons  
i n  the  c a t a l y s t ,  and a s tudy  of t h e  platinum-palladium system has  
f a c i l i t a t e d  t h e  development of an optimum performance e l e c t r o d e  
whi le  s imultaneously providing an explana t ion  f o r  i t s  e f f i c i e n c y  
i n  a p r a c t i c a l  f u e l  c e l l .  
14 
INTRODUC T I O N  
Most of t h e  a v a i l a b l e  e lectrochemical  d a t a  on o p e r a t i o n a l  c e l l s  
re la tes  t o  s t eady  s t a t e  condi t ions .  
s t e a d y  s t a t e  (non-equilibrium) thermodynamic cons ide ra t ions  are  imper- 
f e c t l y  understood and t h e  condi t ion  of t h e  e l e c t r o d e s  ill def ined .  
S ince  t h e  ma jo r i ty  of  f u e l  c e l l s  a r e  r equ i r ed  t o  o p e r a t e  i n t o  vary ing  
and o f t e n  pulsed  load ,  t y p i c a l l y  a s o l i d  s t a t e  i n v e r t e r ,  it i s  impera- 
t i v e  t o  examine t h e  e lec t rochemica l  c h a r a c t e r i s t i c s  of f u e l  c e l l s  
u n d e r  t h e s e  condi t ions .  To e f f e c t  such a s tudy  two approaches possess  
p a r t i c u l a r  merit : 
pulsed  load ing  cond i t ions  cons ider ing  each e l e c t r o d e  s imul taneous ly  
b u t  s e p a r a t e l y  a g a i n s t  a s tandard r e f e r e n c e  e l e c t r o d e  and t h e  app l i -  
c a t i o n  of ga lvanos ta t i c  techniques e i t h e r  i n  a working c e l l  o r  a 
s imulated system. The former approach y i e l d s  d a t a  of d i r e c t  appl ica-  
t i o n a l  importance but  cannot r e so lve  t h e  more complex d e t a i l s  whereas 
t h e  l a t t e r  technique,  now t o  be descr ibed ,  l e a d s  t o  more fundamental 
d a t a  and t o  a b e t t e r  understanding of t h e  inhe ren t  e lec t rochemica l  
f e a t u r e s  of c e l l s  under ope ra t iona l  cond i t ions .  
Even under t h e s e  cond i t ions ,  t h e  
t h e  d i r e c t  c h a r a c t e r i z a t i o n  of  f u e l  c e l l s  under 
The ga lvanos ta t i c  technique i s  w e l l  known and i s  e x c e l l e n t l y  
descr ibed  i n  numerous s tandard  textsl,2 and will no t  be  reviewed a t  
t h i s  j unc tu re .  This i n v e s t i g a t i o n  i s  d iv ided  between t h e  a p p l i c a t i o n  
of  ga lvanos ta t i c  techniques  t o  o p e r a t i o n a l  f u e l  c e l l  e l ec t rodes  and 
t o  t h e  s e p a r a t e  i n v e s t i g a t i o n  o f  t h e  fundamental  a s p e c t s  of f u e l  c e l l  
e l e c t r o d e  c a t a l y s t s .  
I. INVESTIGATION OF OPERATIONAL FUEL ELECTRODES 
EXPERIMENTAL 
Since  t h i s  s t u d y  r e l a t e s  t o  t h e  a p p l i c a t i o n  of t h e  galvano- 
s t a t i c  technique  t o  f u e l  c e l l  e l ec t rodes ,  it was impera t ive  t o  
e s t a b l i s h  experimental  procedures t h a t  y i e l d  h i g h l y  r ep roduc ib le  
r e s u l t s .  For t h i s  reason ,  a s i n g l e  s u b s t r a t e  of  uniform p o r o s i t y  
s i n t e r e d  n i c k e l  has  been se l ec t ed .  It i s  no t  i n f e r r e d  t h a t  t h i s  
i s  t h e  optimum s u b s t r a t e  bu t  it has been s e p a r a t e l y  e s t ab l i shed  
t h a t  t h e  technique  y i e l d s  da ta  which are  e s p e c i a l l y  a p p l i c a b l e  t o  
o t h e r  types of e l ec t rodes .  On t h i s  same b a s i s ,  no at tempt  has  been 
made t o  opt imize performance o r  t o  i n v e s t i g a t e  v a r i a t i o n s  i n  e lec-  
t r o l y t e ,  ope ra t ing  condi t ions  o r  c e l l  geometry. 
The e l e c t r o d e  m a t e r i a l  cons i s t ed  of a n i c k e l  wire mesh 
covered wi th  porous s i n t e r e d  n icke l .  
plat inum black,  pal ladium black, and a co-deposi t  of t h e  two were 
employed as c a t a l y s t s .  
t i o n s ,  t h e  method o f  impregnation and t h e  t i m e  of p l a t i n i z i n g  o r  
p a l l a d i z i n g  were parameters  which were s tud ied .  
E l e c t r o l y t i c a l l y  depos i ted  
The concent ra t ion  of  impregnation solu- 
The s i n t e r e d  n i c k e l  e l ec t rodes  were washed i n  d i s t i l l e d  water  
i n  an u l t r a s o n i c  ba th  and were then  impregnated i n  t h e  ba th  wi th  
s o l u t i o n s  of plat inum ch lo r ide ,  pal ladium c h l o r i d e  o r  both. 
l y t i c  r educ t ion  was e f f ec t ed  with a p l a t i n g  c u r r e n t  of  45 ma/cma f o r  
va r ious  pe r iods  of t ime i n  a so lu t ion  of t h e  des i r ed  c a t a l y s t  s a l t  
o r  s a l t s  which contained 0.1% lead a c e t a t e .  
dized o r  co-deposited e l ec t rodes  w e r e  v e r y  thoroughly  r i n s e d  wi th  
d i s t i l l e d  water before  t h e  ga lvanos ta t i c  measurements were made. 
The e l e c t r o l y t e  (309 potassium hydroxide, carbonate  f r e e )  was hea ted  
t o  b o i l i n g  t o  remove d isso lved  oxygen and cooled under dry n i t rogen .  
E lec t ro -  
The p l a t i n i z e d ,  p a l l a -  
To supply t h e  cons tan t  cu r ren t  necessary  f o r  ga lvanos ta t i c  
work, t h e  cons t an t  c u r r e n t  generator  shown i n  F i g u r e  7a was developed. 
This  genera tor  i s  a hybrid c i r c u i t  composed of t h r e e  genera l  s e c t i o n s ,  
a 300-volt power supply,  a r e fe rence  power supply,  and a c u r r e n t  s e t  
conf igura t ion .  A s impl i f i ed  diagram of t h e  t h r e e  s e c t i o n s  i s  given 
i n  F igu re  7b. The series combination of t u b e  and t r a n s i s t o r  provides  
h igh  gain r e s o l u t i o n  over a wider range  of compliance vo l t ages  t h a n  
would be p o s s i b l e  wi th  t h e  t r a n s i s t o r  a lone  and has  bet ter  r e g u l a t i o n  
than  could be obtained from t h e  t u b e  a lone  over t h e  range  of 10 pa 
t o  100 ma. 
T r a n s i s t o r  Q1 holds t h e  v o l t a g e  a c r o s s  t h e  c u r r e n t  s e t t i n g  
P a r l e y  Potent iometer  t o  a va lue  approximately equal  t o  t h e  tempera- 
t u re  compensated Zener diode r e fe rence  source  of 6.3 v o l t s  and 
determines t h e  magnitude of t h e  e m i t t e r  c u r r e n t .  S ince  a f o r  t r a n s -  
i s t o r  Q1 i s  e s s e n t i a l l y  un i ty ,  i t s  c o l l e c t o r  c u r r e n t  and t h e  c u r r e n t  
through t h e  cathode of t u b e  VI a r e  equal  t o  t h e  emitter c u r r e n t .  
The c o l l e c t o r  v o l t a g e  of Q1 au tomat i ca l ly  a d j u s t s  t o  provide  t h e  
necessary  b i a s  f o r  t h e  g r i d  of V, depending on t h e  p l a t e  v o l t a g e  
suppl ied  by t h e  300-volt power sou rce  a s  a f f e c t e d  by t h e  load .  
I n  p repa ra t ion  f o r  ga lvanos ta t i c  measurements, t h e  e l e c t r o d e  
under s tudy  was immersed i n  a f r e s h l y  prepared e l e c t r o l y t e  s o l u t i o n  
and t h e  cons t an t  c u r r e n t  generator  was connected between t h i s  e lec-  
t r o d e  and a plat inum gauze counter e l ec t rode .  
passed through t h e  thermostated c e l l  which contained t h e s e  e l ec t rodes .  
The p o t e n t i a l  between t h e  e l ec t rode  under s tudy  and a mercury-mercury 
oxide (305  potassium hydroxide) r e f e r e n c e  e l e c t r o d e  was followed by 
means of  a p o t e n t i a l  d i v i d e r  and a r eco rde r .  
A known c u r r e n t  was 
The e l e c t r o d e  was c a t h o d i c a l l y  po la r i zed  t o  hydrogen evolu- 
t i o n  arid t h e  d i r e c t i o n  of cu r ren t  f low was reversed  t o  observe t h e  
anodic charg ing  curve.  
po ten t i a l - t ime  curve were noted a s  t h e  p o t e n t i a l  of t h e  e l e c t r o d e  
increased  t o  oxygen evolut ion.  These were: ( a )  reg ion  i n  which 
hydrogen i s  p r e s e n t  on t h e  surface;  
l a y e r  charging; 
Three d e f i n i t e  r eg ions  on t h e  anodic 
( b )  r eg ion  of e l e c t r i c a l  double- 
and ( c )  reg 'on  i n  which o-xides o r  chemisorbed oxygen 
i s  p resen t  on t h e  surface.3,  t 
16 
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The t i m e  r equ i r ed  t o  d ischarge  t h e  sorbed hydrogen was 
e s p e c i a l l y  noted along with t h e  s l o p e  of t h e  double-layer r eg ion .  
The capac i tance  of t h e  e l e c t r i c a l  double- layer ,  bQ/AV, can be 
r e l a t e d  t o  t h e  a c t i v e  electrochemical  s u r f a c e  a rea  of t h e  e lec-  
t rode .  394 
RESULTS 
The s i n t e r e d  n i c k e l  and p l a t i n i z e d  s i n t e r e d  n i c k e l  e lec-  
t r o d e s  were t h e  f i r s t  t o  be s tud ied  g a l v a n o s t a t i c a l l y .  Curve I 
i n  F igure  8 was obtained us ing  a s i n t e r e d  n i c k e l  e l e c t r o d e  wi th  
a geometric a rea  of 2 cm2. P l a t i n i z a t i o n  of t h i s  e l e c t r o d e  f o r  
5 minutes a t  45 ma/cnid i n  a 4$ c h l o r o p l a t i n i c  a c i d  s o l u t i o n  approx- 
imately doubled t h e  capacitance'  o f  t h e  double-layer r eg ion  and 
e f f e c t e d  a chemisorption of hydrogen on t h e  e lec t rode ;  t h i s  behavior 
i s  shown i n  Curve 11. 
which had been placed i n  an u l t r a s o n i c  ba th  f o r  5 minutes i n  a 4% 
c h l o r o p l a t i n i c  ac id  s o l u t i o n  p r i o r  t o  p l a t i n i z a t i o n .  
g r e a t l y  increased  t h e  double-layer capac i t ance  and t h e  amount of 
chemisorbed hydrogen. 
minutes showed t h a t  t h e r e  was l i t t l e  change i n  t h e  amount of hydro- 
gen chemisorbed on t h e  su r face  o r  i n  t h e  capac i tance  of t h e  double 
l a y e r .  Ca lcu la t ions  of t h e  amount of chemisorbed hydrogen and t h e  
capac i t ance  of t h e  dauble  l aye r  based on Figure  8 a r e  given i n  
Table I. 
Curve I11 was obtained us ing  an e l e c t r o d e  
This  t rea tment  
Fur ther  p l a t i n i z a t i o n  f o r  10, 15, and 20 
Table I 
A t o m s  of H Calcu la ted  Capaci tance 
E l e c t r o d e  on Sur face  of  Double-Layer (Farads  ) 
N i  0.050 
5 minutes 1.25 x 10l9 0.175 
PtC1, t hen  p l a t i n i z e d  
N i ,  p l a t i n i z e d  f o r  
N i ,  impregnated wi th  
f o r  5 minutes 4.5 io i8  1.200 
10 minutes 4.78 x 1019 1.125 
15 minutes h.5 1019 0 965 
20 minutes 4.87 x 101' 1.080 
Surface  a r e a s  were ca l cu la t ed  from t h e  capac i t ance  of  t h e  
double-layer us ing  a rough conversion f a c t o r  of 1 cm2 = 150 pF 
capac i tance  ( a  va lue  given for  s h i n y  p l a t i n m 3 ) .  Sur face  a r e a s  
were a l s o  ca l cu la t ed  from the  amount o f  hydrogen on t h e  s u r f a c e  
20 
. 
assuming a 1:1, H : P t  r a t i o  and a s u r f a c e  area of 7.6 x 
atom on t h e  (1, 0, 0) c r y s t a l  plane.  
cu la t ed  s u r f a c e  a r e a s .  
cm2/Pt 
Table I1 compares t h e  two ca l -  
Table I1 
Surface Area 
E lec t rode  by E! on Sur face  of t h e  Double-Layer 
Surface  Area by Capaci tance 
N i ,  p l a t i n i z e d  f o r  
N i ,  impregnated wi th  P t C 4 ,  
5' minutes 
then  p l a t i n i z e d  f o r  
5 minutes 3420 crr? 
10 minutes 3700 cn? 
15 minutes 3420 cn-? 






A s u r f a c e  a r e a  of 0.2 ."/g was measured f o r  t h e  s i n t e r e d  n i c k e l  
e l e c t r o d e  by n i t rogen  adsorpt ion us ing  t h e  continuous flow method.5 
By weighing t h e  e l ec t rodes  employed i n  t h e  ga lvanos ta t i c  measurements 
and c a l c u l a t i n g  a t o t a l  sur face  a r e a  from t h e  above f i g u r e ,  a va lue  
of  400 c 9  was obtained.  If t h e  r e l a t i o n  between s u r f a c e  a rea  and 
double-layer capac i tance  of n i cke l  i s  about 1 crn2 = 30 pF, a s u r f a c e  
a rea  of 900 cr# i s  c a l c u l a t e d ,  which i s  a l i t t l e  more t h a n  double 
t h e  B.E.T. a r ea .  
Assuming t h a t  t h e  double-layer capac i tance  i s  an approximate 
measure of t h e  s u r f a c e  a r e a ,  it can be seen t h a t  p l a t i n i x a t i o n  f o r  
f ive minutes does n o t  s i g n i f i c a n t l y  i n c r e a s e  t h e  a c t i v e  s u r f a c e  a r e a  
o f  t h e  e l e c t r o d e  (Table 11). After t h e  plat inum c h l o r i d e  s o l u t i o n  
was impregnated i n t o  t h e  pores of  t h e  n i c k e l  e l e c t r o d e  u l t r a s o n i c a l l y ,  
however, p l a t i n i x a t i o n  r a p i d l y  increased  t h e  s u r f a c e  area which then  
l eve led  o f f  as a func t ion  of t i m e  i n  t h e  u l t r a s o n i c  bath.  The r easons  
f o r  t h e  d i sc repanc ie s  between t h e  r e s u l t s  of  t h e  two methods of  ca l -  
c u l a t i o n  can p o s s i b l y  be a t t r i b u t e d  t o  three f a c t o r s :  
1. The s u r f a c e  area of t h e  e l e c t r o d e  would appear t o  be 
h igher  t han  ca l cu la t ed  from hydrogen adsorbed on t h e  
s u r f a c e  i f  t h e  su r face  hydrogen-platinum r a t i o  were 
less  than  1:l. 
2. I f  t h e  removal of t h e  chemisorbed hydrogen on t h e  
s u r f a c e  extended i n t o  t h e  double-layer reg ion ,  t h e  
e f f e c t  would produce a h ighe r  AQ/AV r a t i o  and, hence, 
a h igher  apparent  capac i tance  of t h e  e l e c t r i c a l  
double l a y e r .  
t o  be h igher  than  it a c t u a l l y  i s .  
The s u r f a c e  a r e a  would then  appear 
21 
3.  The va lue  f o r  t h e  double-layer capac i tance  a s  a 
func t ion  of a c t u a l  su r f ace  a rea  i s  greater than  
assumed. This ,  i n  f a c t ,  has  been s u b s t a n t i a t e d  
by determining t h e  s p e c i f i c  capac i tance  a g a i n s t  
c u r r  en t  d ens i t y . 
Extensive s t u d i e s  were performed on t h e  e f f e c t  of p l a t i n i z a -  
t i o n  t ime and time of impregnation i n  t h e  u l t r a s o n i c  b a t h  on double- 
layer capac i tance .  For t h e s e  s tud ie s ,  a new n i c k e l  e l e c t r o d e  was 
employed f o r  each run. 
Figure  9 shows t h e  e f f e c t  of t i m e  i n  t h e  u l t r a s o n i c  ba th  on 
capac i t ance  of  t h e  double  layer. 
i z e d  f o r  one minute. One minute i n  t h e  u l t r a s o n i c  ba th  s i g n i f i c a n t l y  
increased  t h e  capaci tance,  bu t  no t  i n  propor t ion  t o  t h e  time and 
e l e c t r i c i t y  expended. Af t e r  f i v e  t o  t e n  minutes t r ea tmen t ,  excess ive  
a g i t a t i o n  i n  t h e  u l t r a s o n i c  bath r e s u l t e d  i n  phys i ca l  d e t e r i o r a t i o n  
o f  t h e  e l ec t rodes .  For t h i s  reason,  s h o r t e r  impregnation times a r e  
p r e f e r a b l e .  
Each of t h e  e l ec t rodes  was p l a t i n -  
F igure  10 shows t h e  e f f e c t  of p l a t i n i z a t i o n  t ime  on t h e  
capac i t ance  of t h e  double l aye r .  Each e l e c t r o d e  i n  t h i s  series 
was impregnated i n  t h e  u l t r a s o n i c  ba th  f o r  two minutes p r i o r  t o  
p l a t i n i z a t i o n .  Inc reas ing  t h e  p l a t i n i z a t i o n  t i m e  above one minute 
had very  l i t t l e  e f f e c t  on the  capac i tance  of t h e  e l e c t r i c a l  double  
l a y e r .  
t i o n  times up t o  twenty minutes. 
S imi la r  behavior was observed on e l ec t rodes  f o r  r e p l a t i n i z a -  
In summary, impregnation time i n  t h e  u l t r a s o n i c  ba th  had a 
cons ide rab le  e f f e c t  on. t h e  su r face  a rea  o f  a platinum-palladium 
c a t a l y s t ,  but a f t e r  f ive  minutes l e d  t o  d e t e r i o r a t i o n  of t h e  n i c k e l  
e l ec t rode .  P l a t i n i z a t i o n  t ime, a f t e r  one minute, had l i t t l e  e f f e c t .  
Maximum e f f e c t i v e  c a t a l y s t  area,  t h e r e f o r e ,  appears  t o  be ob ta ined  
a t  t h e  ind ica t ed  p l a t i n i z a t i o n  c u r r e n t  d e n s i t i e s ,  when t h e  impregna- 
t i o n  t i m e  i s  i n  t h e  v i c i n i t y  o f  four  t o  f ive  minutes and p l a t i n i z a -  
t i o n  time i s  about one minute. 
Galvanos ta t ic  s t u d i e s  were performed on t h e  fo l lowing  e l ec t rodes :  
1. Standard s in t e red  n i cke l .  
2. 1%:4 $ Pd :P t  co-deposit . 
3. 25"-:4% Pd:Pt co-deposit .  
4. 38:h"- Pd:Pt co-deposit .  
5. 4%:,!44 PdtPt co-deposit .  
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Figure  9 .  Double-Layer Capaci tance v s  Impregnation T i m e  
1.8 
1.6 








P l a t i r i i z a t i o n  t ime:  1 min. 
Elec t ro lcv te  - 30q KOl-!. 
I 
1 2 3 ll 5 
Time i n  Ultrasonic Bath, m.inutes 
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Figure  10. Double-Layer Capaci tance vs P l a t i n i z a t i o n  T i m e  
U l t r a son ic  bath time: 2 m i n .  
E l e c t r o l y t e  : 30% KOH. 
0 1 2 3 I: 5 6 7 0 9 10 
P l a t i n i z a t i o n  time, minutes.  
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These s t u d i e s  were performed a t  25°C wi th  a p o l a r i z i n g  d e n s i t y  
of 10 ma/cfi. 
R e s u l t s  of t h e  ga lvanos ta t i c  anodic charg ing  curves a re  
shown i n  F igu re  11. 
i n  a l l  three cases .  
with q u a n t i t y  of e l e c t r i c i t y  passed i s  v i r t u a l l y  t h e  same. 
AB, which r ep resen t  t h e  hydrogen on t h e  s u r f a c e  which w i l l  support  
a h igh  p o t e n t i a l ,  a r e  a l s o  equiva len t .  On Curve 3, however, it i s  
seen t h a t  s t e p  AB i s  extended t o  more than  twice  t h e  l e n g t h  t h a t  it 
i s  on Curves 1 and 2.  The hydrogen i o n i z a t i o n  s t e p  appears  t o  sup- 
p o r t  a h igher  p o t e n t i a l  on Curve 3 f o r  t h e  passage of a l a r g e r  
q u a n t i t y  of  e l e c t r i c i t y .  No s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  double- 
l a y e r  capac i tances  was ev ident ,  bu t  t h e  o v e r a l l  amount of hydrogen 
p a r t i c i p a t i n g  i n  t h e  hydrogen-ionization s t e p  inc reased  w i t h  t h e  
pal ladium content  of t h e  p l a t in i z ing -pa l l ad iz ing  s o l u t i o n  a t  t h e s e  
concent ra t ions .  
AC r ep resen t s  t h e  hydrogen-ionizat ion s t e p s  
I n  Curves 1 and 2 ,  t h e  change i n  p o t e n t i a l  
S teps  
Galvanos ta t ic  s t u d i e s  on platinum-palladium a l l o y  wi re s  show 
r e s u l t s  s i m i l a r  t o  t h o s e  obtained on t h e  co-deposi ts .  The anodic 
d ischarge  s t e p s  f o r  hydrogen chemisorbed on t h e  s u r f a c e  and adsorbed 
i n  t h e s e  a l l o y s  a r e  extended cons iderably  over t h o s e  found f o r  a 
plat inum e lec t rode .  The 504 platinum-SO$ pal ladium a l l o y  will 
anod ica l ly  d i scha rge  about 400 t i m e s  a s  much hydrogen a s  plat inum 
wi th  less than  0.1 v o l t  p o l a r i z a t i o n  a t  l o w  c u r r e n t  d e n s i t i e s .  
Discharge curves f o r  t he  hydrogen e l e c t r o d e  i n  a f u e l  c e l l  
(F igu re  1 2 )  show c l e a r l y  t h e  s u p e r i o r i t y  of t h e  platinum-palladium 
co-deposited c a t a l y s t  over platinum. 
above co r robora t e  t h e s e  da t a .  
a b l e  f o r  d i scharge  a t  low p o l a r i z a t i o n  i n  t h e  co-deposi ts .  
The ga lvanos ta t i c  r e s u l t s  
Considerably more hydrogen i s  a v a i l -  
11. GALVANOSTATIC INVESTIGATION OF PALLADIUM-GOLD ALLOYS 
I n  order  b e t t e r  t o  understand t h e  absorp t ion  of  hydrogen on 
palladium, ga lvanos ta t i c  s t u d i e s  were t en performed on a series of 
s t a g e  process  i n  t h e  anodic charging curves occur r ing  a t  t h e  s u r f a c e  
of  a pal ladium e l e c t r o d e  which had p rev ious ly  been sub jec t ed  t o  
hydrogen evolu t ion .  
p o t e n t i a l  which occurs  during t h e  i o n i z a t i o n  of hydrogen a t  t h e  
su r face ;  t h e  second i s  a l i n e a r  change i n  p o t e n t i a l  which r e p r e s e n t s  
t h e  charging of t h e  e l e c t r i c a l  double l a y e r ;  t h e  t h i r d  i s  t h e  
p o t e n t i a l  change which r ep resen t s  t h e  formation of ox ides  o r  
hydroxides a t  t h e  s u r f a c e  which occurs  be fo re  oxygen evolu t ion .  
palladium-gold a l l o y s .  Several  au thors  e 96 have observed a three- 
The f i r s t  s t a g e  i s  an i r r e g u l a r  change i n  
J 
* ;  I I I I I I I I I I I I 1 I I I I I 
a2 
0 
'9 cu cu 3 
l-i 0 0 0 0 0 0 0 0 
0 < ul 
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On gold su r faces  7 y 8 y 9  only t h e  l a t t e r  two of t h e  above 
three s t a g e s  a r e  observed. 
i n d i c a t i n g  t h a t  no chemisorption of hydrogen has  taken  p lace .  
No hydrogen i o n i z a t i o n  i s  de t ec t ed  
Worklo,’’ on t h e  chemisorption of hydrogen and on 
p-hydrogen conversion has shown t h e  importance of t h e  e l e c t r o n i c  
s t r u c t u r e  o f  t h e  metal .  I n  view o f  t h e s e  r e s u l t s ,  i n v e s t i g a t i o n  
commenced with a s tudy  of t h e  r e l a t i o n s h i p  between e l e c t r o n i c  
s t r u c t u r e  and t h e  charging curves for a series of palladium-gold 
a l l o y s .  
EXPERDD3NTAL PROCEDURES 
A series of  h igh-pur i ty  annealed a l l o y  wires were obta ined  
wi th  t h e  fol lowing compositions of gold by weight:  
75;q and 80%. 
pal ladium atomic r a t i o .  
p o s i t i o n  a t  which t h e  d-band of t h e  a l l o y  i s  f i l l e d  and where, i n  
p-hydrogen conversion reactions,’l a r a p i d  i n c r e a s e  i n  a c t i v a t i o n  
energy i s  found t o  occur.  The a l l o y s  were i n v e s t i g a t e d  i n  deoxy- 
genated lN s u l f u r i c  ac id  e l e c t r o l y t e  us ing  t h e  ga lvanos ta t i c  
appara tus  i n  t h e  prev ious  sec t ion .  
20$, 404, 60$, 
Seventy-five percent  gold corresponds t o  a 6 2 ~ 3 8  gold: 
The 60:bO gold rpalladium r a t i o  i s  t h e  com- 
RESULTS 
A pre l imina ry  summary o f  t h e s e  r e s u l t s  has  been publ ished 
by Gray et  a1.12 
i n  F igu re  13. With palladium, a hydrogen i o n i z a t i o n  s t e p  i s  
observed fo l lowing  cathodic  p o l a r i z a t i o n  a t  hydrogen evolu t ion ,  
t h e  l eng th  of t h e  s t e p  depending on t h e  t i m e  spent  a t  hydrogen 
evolu t ion .  With gold,  t h e  hydrogen i o n i z a t i o n  s t e p  i s  absent  or, 
i n  a ve ry  few cases  where hydrogen evo lu t ion  i s  maintained for l ong  
pe r iods  of t i m e ,  i s  ve ry  small. 
The r e s u l t s  f o r  pa ladium and gold correspond 
c l o s e l y  t o  t h o s e  p rev ious ly  repor ted  i Y ~ Y ~ Y ~ Y ~  and i s  i l l u s t r a t e d  
Alloys r i c h e r  than  60 atomic percent  gold show no d e t e c t a b l e  
hydrogen on t h e  s u r f a c e  and behave much l i k e  gold. 
less than  60 atomic pe rcen t  gold show an apprec iab le  hydrogen i o n i -  
z a t i o n  s t e p  i n d i c a t i n g  tha t  much hydrogen has  been sorbed; t h e s e  
a l l o y s  behave much l i k e  palladium. It would appear ,  then,  t h a t  t h e  
change i n  a f f i n i t y  of t h e s e  a l l o y s  f o r  pal ladium occurs  a t  about  
t h e  a l l o y  composition where t h e  d-band is  j u s t  f i l l e d ,  i . e .  , 
unpaired d-e lec t rons  seem t o  be necessary  f o r  t h e  chemisorption of  
any apprec iab le  q u a n t i t y  of hydrogen. 
Alloys wi th  
A very important  e f f e c t  has  been noted i n  t h e  ga lvanos ta t i c  
i n v e s t i g a t i o n  of platinum-palladium and palladium-gold a l l o y s .  For 
p a l l a d i m  and t h e  a l l o y s  which normally chemisorb and absorb hydro- 
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t h e  p o t e n t i a l  of t h e  f i r s t  su r f ace  oxide is exceeded and t h e  elec-  
t r o d e  recyc led  through ca thodic  and then  anodic charging.  
F igure  14, it can be seen t h a t  no hydrogen d i scha rge  s t e p  i s  p resen t  
a s  long  as  t h e  f i r s t  oxide  i s  not p re sen t .  A s  soon a s  t h e  charg ing  
curves i n d i c a t e  t h a t  t h e  oxide  formation i s  complete f o r  t h e  p a r t i -  
c u l a r  p o l a r i z i n g  c u r r e n t  employed, and t h e  e l e c t r o d e  r ecyc led ,  hydro- 
gen appears  t o  be chemisorbed and absorbed by t h e  a l l o y .  
p rev ious  i n v e s t i g a t o r s  have ind ica t ed  t h e  n e c e s s i t y  of ex tens ive  
anodic PO a r i z a t i o n  t o  a c t i v a t e  s u r f a c e s  toward hydrogen chemisorp- 
t i o n  .I39 
f i l m  of hydrogen i s  theor ized . l?  The r e s u l t s  of t h i s  r e s e a r c h  
suppor t  t h e s e  views but  f u r t h e r  i n d i c a t e  t h a t  it i s  necessary  o n l y  
t o  exceed t h e  p o t e n t i a l  of t h e  f i i r s t  oxide layer t o  produce hydrogen 
on t h e  s u r f a c e  and i n  t h e  bulk which will support  an  e lec t rochemica l  
hydrogen i o n i z a t i o n  s t e p .  The above r e s u l t s  will be app l i ed  t o  
platinum-palladium ca ta lyzed  hydrogen e l ec t rodes  i n  f u e l  c e l l s .  
I n  
R e s u l t s  of 
I n  some cases ,  t h e  r e sence  of an i n i t i a l  p a s s i v a t i n g  
Fur the r  i n v e s t i g a t i o n s  on t h e  n a t u r e  of hydrogen i o n i z a t i o n  
on platinum-palladium and palladium-gold a l l o y s  a r e  be ing  undertaken 
by measuring t h e  change i n  r e s i s t a n c e  of t h e  a l l o y s  a s  t h e  p o t e n t i a l  
i s  changed from t h a t  of hydrogen evolu t ion  t o  t h a t  of oxygen evolu- 
t i o n .  I n i t i a l  r e s u l t s  on palladium a re  similar t o  t h o s e  r epor t ed  i n  
t h e  l i t e r a t u r e . 1 3 ~ ~ 4 ~ ~ 5  Work i s  cont inuing  on t h e  a l l o y s .  When 
pure  gold was used a s  t h e  e lec t rode ,  no r e s i s t a n c e  change was noted 
i n d i c a t i n g  t h a t  no hydrogen had d i f fused  i n t o  t h e  bulk of t h e  gold. 
An a l l o y  of 40% platinum-60% palladium showed a 16 change i n  resis- 
t a n c e  wh i l e  an a l l o y  o f  80% gold-20% palladium showed a 5" change. 
CONCLUSIONS 
From t h e s e  da t a  i t  i s  clear  t h a t  va luab le  informat ion  can  be 
der ived  r ega rd ing  t h e  d e t a i l e d  ope ra t ion  of f u e l  c e l l  e l e c t r o d e s  i n  
a c t i v e  c e l l s  and s e p a r a t e l y  t h a t  t h e  i n d i v i d u a l  e l e c t r o d e s  can be 
s tud ied  t o  opt imize t h e  c a t a l y s t .  It i s  considered probable  t h a t  
t h i s  technique  may a l s o  f i n d  u s e f u l  a p p l i c a t i o n  i n  a wide v a r i e t y  
of s t u d i e s  t o  determine t h e  na ture  of hydrocarbon e l e c t r o d e  processes ,  
e l e c t r o l y t e  p o l a r i z a t i o n  i n  t h e  v i c i n i t y  of each e l e c t r o d e  s e p a r a t e l y  
but  s imultaneously,  and t h e  e f f e c t  of geometric cons idera t ion ,  pore  
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